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Table S1. The full names corresponding to the abbreviated node names in the 49-node ABA induced closure network.

	Node name in the network
	Full name and description

	ABA
	Abscisic acid

	ABI1
	ABSCISIC ACID (ABA) INSENSITIVE 1

	ABI2
	ABSCISIC ACID (ABA) INSENSITIVE 2

	Actin Reorganization
	Merged node of Actin Reorganization, Actin related protein complex (ARP Complex) and STOMATAL CLOSURE-RELATED ACTIN BINDING PROTEIN 1 (SCAB1). Both ARP Complex and SCAB1 are source nodes and assumed to be ON. The node also assumes the ON states of Phosphatidylinositol 3-phosphate (PtdInsP3) and Phosphatidylinositol 4-phosphate (PtdInsP4).

	AnionEM
	Anion efflux through the plasma membrane

	AtRAC1
	Small GTPase RAC1

	Ca2+ ATPase
	Ca2+ ATPases and Ca2+/H+ antiporters responsible for Ca2+ efflux from the cytosol

	Ca2+c
	Cytosolic calcium

	cADPR
	Merged node of 8-nitro-cyclic guanosine monophosphate (8-nitro-cGMP), ADP (adenosine diphosphate)-ribosyl cyclase (ADPRc), Cyclic ADP-ribose (cADPR), and Nicotinamide adenine dinucleotide phosphate (NADPH). 8-nitro-cGMP is the only regulator of ADPRc, which is the only regulator of cADPR. NADPH is a source node assumed to be in the ON state, i.e. available in non-limiting concentrations.

	CaIM
	Merged node of Ca2+ influx across the plasma membrane, ABA HYPERSENSITIVE 1 (ABH1), ENHANCED RESPONSE TO ABSCISIC ACID 1 (ERA1), MULTIDRUG RESISTANCE PROTEIN 5 (MRP5), and Tobacco syntaxin-like SNARE (soluble N-ethylmaleimide-sensitive factor) attachment protein receptors (NtSyp121). ABH1, ERA1, MRP5, and NtSyp121 are source nodes and are fixed in the ON state.

	cGMP
	Merged node of NITRIC OXIDE-DEPENDENT GUANYLATE CYCLASE 1 (NOGC1), Cyclic guanosine monophosphate (cGMP), and Guanosine 5'-triphosphate (GTP). NOGC1 is the only regulator of cGMP. GTP is a source node that is assumed to be in the ON state.

	CIS
	Ca2+ influx to the cytosol from intracellular stores

	Closure
	Stomatal closure

	CPK3/21
	CALCIUM-DEPENDENT PROTEIN KINASES 3 and 21

	CPK6/23
	CALCIUM-DEPENDENT PROTEIN KINASES 6 and 23

	DAG
	Merged node of Diacylglycerol and Phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) and Phosphatidylinositol 4-phosphate (PtdInsP4). PtdInsP4 is a source node assumed to be ON and is the only regulator of PtdIns(4,5), which is also assumed to be ON as a result.

	Depolarization
	Plasma membrane depolarization

	GHR1
	GUARD CELL HYDROGEN PEROXIDE RESISTANT 1

	H+ ATPase
	H+ ATPase at the plasma membrane

	H2O Efflux
	Water efflux through the plasma membrane

	HAB1
	HYPERSENSITIVE TO ABA 1

	InsP3/6
	Merged node of Inositol-1,4,5 trisphosphate, Inositol hexakisphosphate and Phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2). PtdIns(4,5)P2 is regulated by a source node Phosphatidylinositol 4-phosphate (PtdInsP4) and both are assumed to be ON.

	K+ Efflux
	K+ efflux through the plasma membrane

	KEV
	K+ efflux from the vacuole to the cytosol

	KOUT
	K+ efflux through slowly activating outwardly-rectifying K+ channels through the plasma membrane

	Malate
	Malate

	Microtubule Depolymerization
	Microtubule depolymerization

	MPK9/12
	Mitogen-activated Protein Kinases 9 and 12

	NIA1/2
	NITRATE REDUCTASE ½

	NO
	Merged node of Nitric Oxide, Nitrite, and Nicotinamide adenine dinucleotide phosphate (NADPH). Nitrite and NADPH are source nodes assumed to be ON.

	OST1
	Merged node of OPEN STOMATA 1 (protein kinase) and PLASMA MEMBRANE INTRINSIC PROTEIN 2;1 (Aquaporin). OST1 is the only regulator of Aquaporin.

	PA
	Phosphatidic acid

	PEPC
	Phosphoenolpyruvate carboxylase

	pHc
	Increase of the cytosolic pH level 

	PLC
	Phospholipase C

	PLDα
	Phospholipase D α1

	PLDδ
	Merged node of Phospholipase D δ and Glyceraldehyde-3-phosphate dehydrogenase subunits 1 and 2 (GAPC1/2). GAPC1/2 is a source node assumed to be ON.

	PP2CA
	PROTEIN PHOSPHATASE 2CA

	QUAC1
	QUICKLY-ACTIVATING ANION CHANNEL 1

	RCARs
	REGULATORY COMPONENTS OF ABA RECEPTOR

	ROP11
	Merged node of Small GTPase ROP11 and GUANINE EXCHANGE FACTORS 1, 4 and 10 (GEF1/4/10). GEF1/4/10 is a source node assumed to be OFF. 

	ROS
	Merged node of Reactive oxygen species, NADPH oxidases AtRBOH D and F (RBOH), the protein phosphatase ROOTS CURL IN NAPHTHYLPHTHALAMIC ACID 1 (RCN1), Phosphatidylinositol 3-phosphate (PtdInsP3), and Nicotinamide adenine dinucleotide phosphate (NADPH). RBOH is the only regulator of ROS. RCN1, PtdInsP3, and NADPH are source nodes and are assumed to be ON.

	S1P
	Merged node of Sphingosine Kinases 1 and 2 (SPHK1/2), Sphingosine-1-phosphate (S1P), Heterotrimeric G protein  subunit 1 (GPA1), Sphingosine Phosphate Phosphatase 1 (SPP1), Sphingosine (Sph) and putative G PROTEIN–COUPLED RECEPTOR 1 (GCR1). SPHK1/2 is the only regulator of S1P, which is the only regulator of GPA1. SPP1 is a source node assumed to be OFF. Sph and GCR1 are source nodes assumed to be ON.

	SLAC1
	SLOW ANION CHANNEL- ASSOCIATED 1

	SLAH3
	SLAC1 HOMOLOGUE 3

	TCTP
	TRANSLATIONALLY CONTROLLED TUMOR PROTEIN

	V-ATPase
	Vacuolar proton ATPase

	V-PPase
	Merged node of Phosphatidylinositol 3-phosphate 5-kinase (PI3P5K), Phosphatidylinositol 3,5-bisphosphate (PtdIns(3,5)P2), and Vacuolar Proton Pyrophosphatase (V-PPase). PI3P5K is the only regulator of PtdIns(3,5)P2, which is the only regulator of V-PPase.

	Vacuolar Acidification
	Vacuolar acidification










Table S2. Initial conditions of all nodes in the model, reproduced from the 49-node model.
Model1 and Model2 have the same initial conditions.

	Initial State
	Nodes

	OFF
	Closure, H2O Efflux, Microtubule Depolymerization, Ca2+ ATPase, RCARs, pHc, Ca2+c, K+ Efflux, CIS, Vacuolar Acidification, PLDα, NIA1/2, CPK3/21, MPK9/12, NO, CaIM, PA, ROP11, Actin Reorganization, S1P, cGMP, ROS, InsP3/6, OST1

	ON
	Malate, H+ ATPase, ABI1, ABI2, HAB1, PP2CA, CPK6/23

	Random
	AnionEM, AtRAC1, Depolarization, GHR1, KEV, KOUT, PEPC, PLC, QUAC1, SLAC1, SLAH3, TCTP, V-ATPase, PLDδ, DAG, cADPR, V-PPase







Table S3. The Boolean update function of each node in Model1.
The first column lists the target node, the second column lists its update function and the third column lists references that support the update function. These functions were first used in Maheshwari et al. (2019). * is used to denote the future state of a node.

	Node
	Regulatory function
	References

	ABI1
	ABI1* = not PA and (not RCARs or ROP11) and not ROS and pHc
	(Z. Li et al. 2012; Wenhua Zhang et al. 2004; Meinhard and Grill 2001; Leube, Grill, and Amrhein 1998)

	ABI2
	ABI2* = (not RCARs or ROP11) and not ROS and not PA
	(Ma et al. 2009; Meinhard, Rodriguez, and Grill 2002; Yu et al. 2012)

	Actin Reorganization
	Actin Reorganization* = not AtRAC1
	(Lemichez et al. 2001)

	Anion EM
	Anion EM* = SLAC1 or (QUAC1 and SLAH3)
	(Imes et al. 2013; Hedrich 2012)

	AtRAC1
	AtRAC1* = not ABA or ABI1
	(Lemichez et al. 2001)

	CIS
	CIS* = InsP3/6 or cADPR
	(Guse 1999; Staxén et al. 1999; Lemtiri-Chlieh et al. 2003)

	CPK3/21
	CPK3/21* = Ca2+c or CPK3/21
	(Scherzer et al. 2012; Swatek et al. 2014)

	Ca2+c
	Ca2+c* = (CaIM or CIS) and not Ca2+ ATPase
	(S. Li, Assmann, and Albert 2006)

	CaIM
	CaIM* = Actin Reorganization or GHR1
	(Wei Zhang, Fan, and Wu 2007; Hua et al. 2012)

	Ca2+ ATPase
	Ca2+ ATPase* = Ca2+c
	(Sanders et al. 2002)

	Closure
	Closure* = Microtubule Depolymerization and H2O Efflux
	(Jiang et al. 2014)

	DAG
	DAG* = PLC
	(Munnik, Irvine, and Musgrave 1998)

	Depolarization
	Depolarization* = (AnionEM or Ca2+c or KEV) and (not H+ ATPase or not K+ efflux)
	(S. Li, Assmann, and Albert 2006)

	GHR1
	GHR1* = not ABI2 and ROS
	(Hua et al. 2012)

	H2O Efflux
	H2O Efflux* = AnionEM and OST1 and K+ efflux and not Malate
	(Grondin et al. 2015)

	HAB1
	HAB1* = not RCARs and not ROS
	(Sridharamurthy et al. 2014)

	H+ ATPase
	H+ ATPase* = not pHc and not Ca2+c and not ROS
	(X. Zhang et al. 2004; Kinoshita, Nishimura, and Shimazaki 1995; Luo, Morsomme, and Boutry 1999)

	InsP3/6
	InsP3/6* = PLC
	(Otterhag, Sommarin, and Pical 2001; Boss and Im 2012)

	KEV
	KEV* = Vacuolar Acidification or Ca2+c
	(Ward and Schroeder 1994)

	KOUT
	KOUT* = (not NO or not ROS or pHc) and Depolarization
	(Miedema and Assmann 1996; Köhler, Hills, and Blatt 2003; Sokolovski and Blatt 2004)

	K+ Efflux
	K+ Efflux* = KEV and KOUT
	(Ward and Schroeder 1994; Hosy et al. 2003)

	MPK9/12
	MPK9/12* = Ca2+c or MPK9/12
	(Boss and Im 2012; Jiang et al. 2014)

	Malate
	Malate* = PEPC and not ABA and not AnionEM
	(S. Li, Assmann, and Albert 2006; Du, Aghoram, and Outlaw Jr 1997; Dittrich and Raschke 1977)

	Microtubule Depolymerization
	Microtubule Depolymerization* = TCTP or Microtubule Depolymerization
	(Kim et al. 2012; Gardner, Zanic, and Howard 2013)

	NIA1/2
	NIA1/2* = ROS
	(Bright et al. 2006)

	NO
	NO* = NIA1/2
	(Desikan et al. 2002)

	cGMP
	cGMP* = NO
	(Mulaudzi et al. 2011)

	OST1
	OST1* = (not ABI1 and not HAB1) or (not PP2CA and not ABI2) or (not ABI1 and not ABI2) or (not HAB1 and not PP2CA) or (not HAB1 and not ABI2) or (not ABI1 and not PP2CA)
	(Park et al. 2009; Umezawa et al. 2009; Nishimura et al. 2010; Merlot et al. 2001; Saez et al. 2006; Rubio et al. 2009)

	PA
	PA* = PLDδ or PLDα or DAG
	(Munnik, Irvine, and Musgrave 1998; Distefano et al. 2008)

	PEPC
	PEPC* = not ABA
	(Du, Aghoram, and Outlaw Jr 1997)

	V-PPase
	V-PPase* = ABA
	(Bak et al. 2013)

	PLC
	PLC* = Ca2+c
	(Otterhag, Sommarin, and Pical 2001)

	PLDα
	PLDα* = S1P and Ca2+c
	(L. Guo and Wang 2012; Pappan and Wang 2013)

	PLDδ
	PLDδ* = NO or ROS
	(Distéfano et al. 2012; Liang Guo et al. 2012)

	PP2CA
	PP2CA* = not RCARs and not ROS
	(Meinhard and Grill 2001; Meinhard, Rodriguez, and Grill 2002; Sridharamurthy et al. 2014; Antoni et al. 2012)

	QUAC1
	QUAC1* = OST1 and Ca2+c
	(Imes et al. 2013; Sasaki et al. 2010)

	ROS
	ROS* = pHc and not ABI1 and OST1 and S1P and PA
	(Acharya et al. 2013; Y. Zhang et al. 2009; Murata et al. 2001; Wei Zhang, Jeon, and Assmann 2011; Suhita et al. 2004; Coursol et al. 2003; Kwak et al. 2002)

	RCARs
	RCARs* = ABA
	(Ma et al. 2009; Park et al. 2009)

	SLAC1
	SLAC1* = (CPK3/21 or CPK6/23) and MPK9/12 and OST1 and GHR1 and not ABI1 and not PP2CA and not ABI2 and pHc
	(Acharya et al. 2013; Scherzer et al. 2012; Hua et al. 2012; Geiger et al. 2009; Wang et al. 2001)

	SLAH3
	SLAH3* = CPK6/23 and CPK3/21 and not ABI1
	(Geiger et al. 2011; Scherzer et al. 2012)

	S1P
	S1P* = PA or ABA
	(Coursol et al. 2003; Liang Guo et al. 2011)

	TCTP
	TCTP* = Ca2+c
	(Kim et al. 2012)

	V-ATPase
	V-ATPase* = Ca2+c
	(Tang et al. 2012)

	Vacuolar Acidification
	Vacuolar Acidification* = V-PPase or Vacuolar Acidification
	(Martinoia, Maeshima, and Neuhaus 2007)

	cADPR
	cADPR* = cGMP and ROS and NO
	(Joudoi et al. 2013)

	pHc
	pHc* = ((OST1 and not ABI2 and not ABI1) or Ca2+c) and Vacuolar Acidification
	(Bak et al. 2013; Islam et al. 2010; Gonugunta et al. 2008)




Table S4. Attractors of Model1 and Model2.
Model1 and Model2 have identical attractors. Nineteen attractors are reachable when 17 nodes are initialized randomly (due to lack of information on their resting states). The attractors are summarized in five different sections of the table. The first section indicates the only attractor possible in the presence of ABA; this attractor corresponds to closed stomata. The second section summarizes the sole attractor possible that corresponds to closed stomata in the absence of ABA; this attractor is denoted A0 in Figure 3 and differs from the attractor reached in the presence of ABA in the state of the five nodes indicated in blue font. This attractor A0 is reached by the constitutive activation of the nodes listed in the last row of Table S5; this is also the attractor that is reached when simulating the presence of external calcium as the fixed ON state of the node CaIM. The third section contains the attractor reached by simulating external calcium as the fixed ON state of the node Ca2+c. This attractor differs from the one detailed in the second section of the table in that the nodes that oscillated there have a sustained ON state here. The fourth section indicates the common node states of the 16 attractors that correspond to open stomata in the absence of ABA. The fifth section details the differences in these 16 attractors. In this section the nodes marked by X, namely, K+ Efflux, Depolarization and KOUT, oscillate between OFF and ON. These oscillations are conditional to Vacuolar Acidification stabilizing in the ON state and arise from a negative feedback loop formed by the three nodes. Each of these have an average ON/OFF period of 1.77 time steps. This average ON/OFF period can be calculated by the method shown in Maheshwari et al. (2019). The nodes in orange font stabilize in a state opposite to their initial state (corresponding to open stomata) and the nodes in light green font stabilize in their initial state. In the second and third section of this table, blue font indicates the nodes that differ in their state from the closed stomata attractor induced by ABA (shown in the first section of the table). 

	1. Attractor associated with closure in the presence of ABA
	Node count
	Nodes

	Stabilized in the ON state
	30
	Actin reorganization, AnionEM, cADPR, CaIM, CIS, Closure, cGMP, CPK3/21, CPK6/23, Depolarization, GHR1, H2O Efflux, K+ Efflux, KEV, KOUT, MPK 9/12, Microtubule Depolymerization, NIA1/2, NO, OST1, pHc, V-PPase, PA, PLDδ, RCARs, ROS, S1P, SLAC1, SLAH3, Vacuolar Acidification

	Stabilized in the OFF state
	9
	ABI1, ABI2, AtRAC1, HAB1, H+ ATPase, Malate, PEPC, PP2CA, ROP11

	Oscillates with average ON/OFF period of 1.33 time steps
	2
	Ca2+c, Ca2+ ATPase

	Oscillates with average ON/OFF period of 1.77 time steps
	5
	PLC, PLDα, QUAC1, TCTP, V-ATPase

	Oscillates with average ON/OFF period of 2.2 time steps
	2
	DAG, InsP3/6

	2. Attractor associated with closure in the absence of ABA
	Node count
	Nodes

	Stabilized in the ON state
	29
	AnionEM, AtRAC1, cADPR, CaIM, CIS, Closure, cGMP, CPK3/21, CPK6/23, Depolarization, GHR1, H2O Efflux, K+ Efflux, KEV, KOUT, MPK 9/12, Microtubule Depolymerization, NIA1/2, NO, OST1, pHc, PA, PEPC, PLDδ, ROS, S1P, SLAC1, SLAH3, Vacuolar Acidification 

	Stabilized in the OFF state
	10
	Actin reorganization, ABI1, ABI2, HAB1, H+ ATPase, Malate, PP2CA, RCARs, ROP11, V-PPase

	Oscillates with average ON/OFF period of 1.33 time steps
	2
	Ca2+c, Ca2+ ATPase

	Oscillates with average ON/OFF period of 1.77 time steps
	5
	PLC, PLDα, QUAC1, TCTP, V-ATPase

	Oscillates with average ON/OFF period of 2.2 time steps
	2
	DAG, InsP3/6

	3. Attractor associated with closure in the case of elevated Ca2+c 
	Node count
	Nodes

	Stabilized in the ON state
	38
	AnionEM, AtRAC1, cADPR, Ca2+c, Ca2+ATPase, CaIM, CIS, Closure, cGMP, CPK3/21, CPK6/23, DAG, Depolarization, GHR1, H2O Efflux, InsP3/6, K+ Efflux, KEV, KOUT, MPK 9/12, Microtubule Depolymerization, NIA1/2, NO, OST1, pHc, PA, PEPC, PLC, PLDα, PLDδ, ROS, S1P, SLAC1, SLAH3, Vacuolar Acidification, , QUAC1, TCTP, V-ATPase, 

	Stabilized in the OFF state
	10
	Actin reorganization, ABI1, ABI2, HAB1, H+ ATPase, Malate, PP2CA, RCARs, ROP11, V-PPase

	4. Attractors associated to lack of closure in the absence of ABA
	Node count
	Nodes

	Stabilized in the ON state
	8
	ABI2, AtRAC1, CPK6/23, H+ ATPase, HAB1, Malate, PEPC, PP2CA 

	Stabilized in the OFF state
	31
	ABI1, Actin Reorganization, AnionEM, Ca2+, cADPR, CaIM, Ca2+ ATPase, cGMP, CIS, Closure, DAG, GHR1, H2O Efflux, InsP3/6, NIA1/2, NO, OST1, QUAC1, ROS, pHc, PA, V-PPase, PLC, PLDα, PLDδ, RCARs, ROP11, SLAC1, S1P, TCTP, V-ATPase

	Stabilized in either the ON or OFF state
	6
	CPK3/21, MPK9/12, KEV, Microtubule Depolymerization, SLAH3, Vacuolar Acidification

	Stabilized in the OFF state or oscillates with average ON/OFF period of 1.77 time steps
	3
	Depolarization, KOUT, K+ Efflux

	
	
	

	5. List of the nodes whose states are different in the attractors corresponding to open stomata in the absence of ABA

	Attractor
	Microtubule Depolymerization
	Vacuolar Acidification
	Depolarization
	K+ Efflux
	SLAH3
	CPK3/21
	KOUT
	KEV
	MPK9/12

	A1
	1
	1
	X
	X
	1
	1
	X
	1
	1

	A2
	1
	0
	0
	0
	1
	1
	0
	0
	1

	A3
	0
	1
	X
	X
	1
	1
	X
	1
	1

	A4
	0
	0
	0
	0
	1
	1
	0
	0
	1

	A5
	1
	1
	X
	X
	1
	1
	X
	1
	0

	A6
	1
	0
	0
	0
	1
	1
	0
	0
	0

	A7
	0
	1
	X
	X
	1
	1
	X
	1
	0

	A8
	0
	0
	0
	0
	1
	1
	0
	0
	0

	A9
	1
	1
	X
	X
	0
	0
	X
	1
	1

	A10
	1
	0
	0
	0
	0
	0
	0
	0
	1

	A11
	0
	1
	X
	X
	0
	0
	X
	1
	1

	A12
	0
	0
	0
	0
	0
	0
	0
	0
	1

	A13
	1
	1
	X
	X
	0
	0
	X
	1
	0

	A14
	1
	0
	0
	0
	0
	0
	0
	0
	0

	A15
	0
	1
	X
	X
	0
	0
	X
	1
	0

	A16
	0
	0
	0
	0
	0
	0
	0
	0
	0










Table S5. Attractors of Model1 with short-term memory. 
The model can lead to different attractors in the presence of ABA depending on the duration of the memory on the nodes CPK3/21, MPK9/12, Microtubule Depolymerization, and Vacuolar Acidification. When the memory duration exceeds 2 time-steps for Vacuolar Acidification, 3 time-steps for CPK3/21 and MPK9/12, 5 time-steps for Microtubule Depolymerization, then there is only one attractor that corresponds to closed stomata. This attractor is the same as the closed stomata attractor obtained by the sustained presence of ABA, indicated in the first part of Table S4. This attractor is repeated here as the first part of this table. When the memory duration is insufficient, there is a single attractor in which some nodes are fixed, and others oscillate. Closure is also one of the nodes that oscillates. The oscillation period of these oscillating nodes depends on the memory duration. Here we report the oscillation periods of the nodes when the memory duration is 1 (i.e., the smallest possible). This attractor is summarized in the second part of this table. Model1 with short-term memory has only one open stomata attractor in the absence of any signal. This attractor is detailed in the third part of this table and is the same as attractor A16 in Table S4. The nodes in orange font stabilize in a state opposite to their initial state (corresponding to open stomata) and the nodes in light green font stabilize in their initial state. 


	Attractor associated to closure in the presence of ABA for large memory duration
	Node count
	Nodes

	Stabilized in the ON state
	30
	Actin reorganization, AnionEM, cADPR, CaIM, CIS, Closure, cGMP, CPK3/21, CPK6/23, Depolarization, GHR1, H2O Efflux, K+ Efflux, KEV, KOUT, MPK 9/12, Microtubule Depolymerization, NIA1/2, NO, OST1, pHc, V-PPase, PA, PLDδ, RCARs, ROS, S1P, SLAC1, SLAH3, Vacuolar Acidification

	Stabilized in the OFF state
	9
	ABI1, ABI2, AtRAC1, HAB1, H+ ATPase, Malate, PEPC, PP2CA, ROP11

	Oscillates with average ON/OFF period of 1.33 time steps
	2
	Ca2+c, Ca2+ ATPase

	Oscillates with average ON/OFF period of 1.77 time steps
	5
	PLC, PLDα, QUAC1, TCTP, V-ATPase

	Oscillates with average ON/OFF period of 2.2 time steps
	2
	DAG, InsP3/6

	Attractor associated to oscillating closure in the presence of ABA for small memory duration
	Node count
	Nodes

	Stabilized in the ON state
	22
	Actin Reorganization, cADPR, CaIM, CIS, cGMP, CPK6/23, Depolarization, GHR1, K+ Efflux, KEV, KOUT, NIA1/2, NO, OST1, pHc, PA, PLDδ, RCARs, ROS, S1P, V-PPase, Vacuolar Acidification 

	Stabilized in the OFF state
	9
	ABI1, ABI2, AtRAC1, H+ ATPase, HAB1, Malate, PEPC, PP2CA, ROP11

	Oscillates with average ON/OFF period of 1.33 time steps
	2
	Ca2+ ATPase, Ca2+c

	Oscillates with average ON/OFF period of 1.77 time steps
	5
	PLDα, PLC, TCTP, QUAC1, V-ATPase

	Oscillates with average ON/OFF period of 2 time steps
	2
	InsP3/6, DAG

	Oscillates with average ON/OFF period of 2.6 time steps
	1
	Closure 

	Oscillates with unequal average ON/OFF periods; ON, OFF periods in brackets
	7
	AnionEM (4.3, 1.5), CPK3/21 (2.5, 1.2), H2O Efflux (4.7, 1.6), MPK9/12 (2.5, 1.2), Microtubule Depolymerization (2.9, 1.6), SLAC1 (3.1, 1.7), SLAH3 (3.0, 1.6)

	Attractor associated to lack of closure in the absence of ABA
	Node count
	Nodes

	Stabilized in the ON state
	8
	ABI2, AtRAC1, CPK6/23, H+ ATPase, HAB1, Malate, PEPC, PP2CA 

	Stabilized in the OFF state
	40
	ABI1, Actin Reorganization, AnionEM, Ca2+, cADPR, CaIM, Ca2+ ATPase, cGMP, CIS, Closure, CPK3/21, DAG, Depolarization, GHR1, H2O Efflux, InsP3/6, KEV, KOUT, K+ Efflux, Microtubule Depolymerization, MPK9/12, NIA1/2, NO, OST1, QUAC1, ROS, pHc, PA, V-PPase, PLC, PLD, PLDδ, RCARs, ROP11, SLAC1, SLAH3, S1P, TCTP, V-ATPase, Vacuolar Acidification







Table S6. Simulation results from Model1 and Model2 with short-term memory for constitutive activation of each node in the absence of ABA for initial conditions that ensure the absence of baseline closure.
We summarize in this table the simulation results of constitutive activation (CA) of each node in the network. We performed 500 simulations over 50 time-steps in each setting. For each of the 4 cases summarized in this table the cumulative percentage of closure (CPC) of the WT simulation (where no node was constitutively activated) was 0.0. The first column lists the various response categories (see Methods). The second to fifth columns list the cases of node CA that belong to this category, indicating the CPC values in parentheses. We studied two model versions, namely when Ca2+c inhibits ABI2 via PA (Model1) and when Ca2+c inhibits ABI2 directly (Model2). For each model version, we considered two initial conditions: the initial condition furthest from closure, where the 17 nodes with unknown initial (pre-stimulus) state are initialized in the opposite of the state they achieve in the closure attractor, and the least restricted initial condition that gives zero baseline closure percentage and CPC. Node perturbations marked in blue agree with experiments and those shown in red disagree. No experimental data were reported in the literature for the remaining nodes. When using the furthest from closure initial condition in Model1 there are 13 cases of agreement with experiments and 4 cases of disagreement. These 4 cases are explained in detail in the main text. When using the least restricted initial condition (where cADPR=OFF, GHR1=OFF, AtRAC1=ON, PLC=OFF, PLDδ=OFF, and DAG=OFF is imposed while 11 nodes are initialized randomly), there are 14 cases of agreement and 3 cases of disagreement. The difference between the results is in the constitutive activation of PLDα, PA and NO. When using the furthest from closure initial condition in Model2, there are 13 cases of agreement with experiments and 4 cases of disagreement; these cases are the same as those found for Model1. The same response categories are obtained in Model2 when using the least restricted initial condition that ensures the absence of a baseline closure percentage (i.e. when only restricting cADPR=OFF, GHR1=OFF, AtRAC1=ON and PLC=OFF and initializing 13 nodes randomly).  

	Model version
	Model1
	Model2

	Response category
	Furthest from closure initial condition
	Least restricted initial condition
	Furthest from closure initial condition
	Least restricted initial condition

	Close to baseline
	[bookmark: __DdeLink__591_2069529440]SLAH3 (0.0), PLDα (0.0), Microtubule Depolymerization (0.0), Ca2+ ATPase (0.0), NIA1/2 (0.0), NO (0.0), PA (0.0), CPK3/21 (0.0), KOUT (0.0), CPK6/23 (0.0), V-PPase (0.0), V-ATPase (0.0), S1P (0.0), H+ ATPase (0.0), PEPC (0.0), H2O Efflux (0.0), ABI1 (0.0), SLAC1 (0.0), OST1 (0.0), DAG (0.0), TCTP (0.0), ROP11 (0.0), MPK9/12 (0.0), pHc (0.0), K+ efflux (0.0), Vacuolar Acidification (0.0), PP2CA (0.0), Depolarization (0.0), cGMP (0.0), RCARs (0.0), QUAC1 (0.0), KEV (0.0), Malate (0.0), ABI2 (0.0), AtRAC1 (0.0), HAB1 (0.0), AnionEM (0.0), PLDδ (0.0)
	SLAH3 (0.0), Microtubule Depolymerization (0.0), Ca2+ ATPase (0.0), CPK3/21 (0.0), KOUT (0.0), CPK6/23 (0.0), V-PPase (0.0), V-ATPase (0.0), S1P (0.0), H+ ATPase (0.0), PEPC (0.0), ABI1 (0.0), SLAC1 (0.0), TCTP (0.0), ROP11 (0.0), MPK9/12 (0.0), pHc (0.0), K+ efflux (0.0), Vacuolar Acidification (0.0), PP2CA (0.0), Depolarization (0.0), cGMP (0.0), QUAC1 (0.0), KEV (0.0), Malate (0.0), ABI2 (0.0), AtRAC1 (0.0), HAB1 (0.0), AnionEM (0.0), OST1 (0.02), RCARs (0.03), NIA1/2 (1.05)
	SLAH3 (0.0), PLDα (0.0), Microtubule Depolymerization (0.0), Ca2+ ATPase (0.0), NIA1/2 (0.0), NO (0.0), PA (0.0), CPK3/21 (0.0), KOUT (0.0), CPK6/23 (0.0), V-PPase (0.0), V-ATPase (0.0), S1P (0.0), H+ ATPase (0.0), PEPC (0.0), H2O Efflux (0.0), ABI1 (0.0), SLAC1 (0.0), OST1 (0.0), DAG (0.0), TCTP (0.0), ROP11 (0.0), MPK9/12 (0.0), pHc (0.0), K+ efflux (0.0), Vacuolar Acidification (0.0), PP2CA (0.0), Depolarization (0.0), cGMP (0.0), RCARs (0.0), QUAC1 (0.0), KEV (0.0), Malate (0.0), ABI2 (0.0), AtRAC1 (0.0), HAB1 (0.0), AnionEM (0.0), PLDδ (0.0)
	SLAH3 (0.0), PLDα (0.0), Microtubule Depolymerization (0.0), Ca2+ ATPase (0.0), NIA1/2 (0.0), NO (0.0), PA (0.0), CPK3/21 (0.0), KOUT (0.0), CPK6/23 (0.0), V-PPase (0.0), V-ATPase (0.0), S1P (0.0), H+ ATPase (0.0), PEPC (0.0), ABI1 (0.0), SLAC1 (0.0), DAG (0.0), TCTP (0.0), ROP11 (0.0), MPK9/12 (0.0), pHc (0.0), K+ efflux (0.0), Vacuolar Acidification (0.0), PP2CA (0.0), Depolarization (0.0), cGMP (0.0), QUAC1 (0.0), KEV (0.0), Malate (0.0), ABI2 (0.0), AtRAC1 (0.0), HAB1 (0.0), AnionEM (0.0), PLDδ (0.0), OST1 (0.02), RCARs (0.2)

	Slightly increased
	-
	H2O Efflux (2.57), NO (3.06), DAG (4.31), PLDδ (4.57), PLDα (4.7), PA (6.93)
	-
	H2O Efflux (2.55)

	Significantly increased (100% closure)
	CIS (25.47), GHR1 (26.6), cADPR (26.79), Actin Reorganization (27.05), InsP3/6 (27.81), CaIM (29.06), PLC (32.3), ROS (33.29), Ca2+c (44.8)
	cADPR (27.01), InsP3/6 (27.33), CIS (27.36), Actin Reorganization (27.48), CaIM (27.59), GHR1 (28.32), PLC (33.11), ROS (34.3), Ca2+c (44.67)
	CIS (21.01), cADPR (21.37), GHR1 (21.98), Actin Reorganization (23.86), CaIM (24.2), InsP3/6 (24.66), PLC (27.98), ROS (33.11), Ca2+c (45.9)
	Actin Reorganization (22.44), InsP3/6 (22.71), CIS (22.96), cADPR (23.3), CaIM (23.32), GHR1 (23.45), PLC (27.49), ROS (34.14), Ca2+c (45.97)
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Table S7. Simulation results for constitutive activation of each node in the absence of ABA in Model1 with short term memory for initial conditions that result in near zero baseline percentage of closure.
In section 3.4 of the main text, we present the least restricted initial condition that ensures that the transient baseline percentage of closure is zero and in Table S6 we present the simulation results for constitutive activation of each node using this initial condition and also the initial condition furthest from closure. We also tried less restricted initial conditions, where only a subset of cADPR=OFF, GHR1=OFF, AtRAC1=ON, PLC=OFF, PLDδ=OFF, and DAG=OFF is imposed, and identified the effect on the baseline closure, and on the response to node constitutive activations for which experimental results are available. We find and list here three cases in Model1 which have near zero baseline cumulative percentage of closure (CPC); we find no such cases in Model2. The first row gives the initial condition. For each of the second, third and fourth columns, the first row lists the nodes that are initialized in a state opposite to their corresponding state in closed stomata attractor; the rest of the 17 nodes with unknown pre-stimulus state are initialized with a random state. In the following rows, we summarize the 17 cases of constitutive activation (CA) of nodes for which experimental evidence exists along with the CPC values for each of them. We performed 500 simulations over 50 time-steps in each setting. The first column lists the various response categories (see Methods). The second through fourth columns list the cases of node CA that belong to this category in increasing order of CPC values. Node perturbations marked in bold agree with experiments, and those shown in normal font disagree. In each of these cases, there are 15 cases of agreement with experiments and 2 cases of disagreement. However, the discrepancy in CPC values changes for different initial conditions. The last two rows give the baseline CPC and the peak transient percentage of closure respectively for each of these cases.

	Response category
	GHR1, cADPR, PLC, AtRAC1
	GHR1, cADPR, PLC, AtRAC1, DAG
	GHR1, cADPR, PLC, AtRAC1, PLDδ

	Close to baseline
	ABI1(0.0), ABI2(0.0), H+ ATPase(0.0), TCTP(0.21), ROP11(0.03), Microtubule Depolymerization(0.24), S1P(0.02), AtRAC1(0.23), PP2CA(0.03)
	ABI1(0.0), ABI2(0.0), H+ ATPase(0.0), TCTP(0.14), ROP11(0.05), Microtubule Depolymerization(0.14), S1P(0.20), AtRAC1(0.05), PP2CA(0.06)
	ABI1(0.0), ABI2(0.0), H+ ATPase(0.02), TCTP(0.05), ROP11(0.18), Microtubule Depolymerization(0.07), S1P(0.06), AtRAC1(0.08), PP2CA(0.10)

	Slightly increased
	pHc(2.03), NO(5.31), PLDα(5.72), PA(7.29)
	pHc(1.19), NO(3.84), PLDα(3.84), PA(7.03)
	pHc(0.92), NO(4.45), PLDα(5.17), PA(6.69)

	Significantly increased (100% closure)
	cADPR(26.96), InsP3/6(28.53), ROS(33.98), CaIM(28.44) 
	cADPR(27.63), InsP3/6(27.74),  ROS(34.26), CaIM(27.85) 
	cADPR(27.55), InsP3/6(27.47), ROS(34.03), CaIM(28.25) 

	Baseline CPC
	0.18
	0.06
	0.11

	Peak transient % of closure
	0.8%
	0.4%
	0.2%




Text S1. Biological reasoning for the assumed slow decay of the activity of four network elements. 
The precursor model published in Albert et al. (2017) introduces the assumption of self-sustaining activity of each of CPK3/21, MPK9/12, Vacuolar Acidification, and Microtubule Depolymerization (see Section 2.2.2). Here, we reproduce from Albert et al. (2017) the sentences that indicate the biological basis for these assumptions.
CPK3/21* = Ca2+c or CPK3/21	
“Cytosolic calcium activates CPK3 and CPK21 by binding to their EF hand calcium binding motifs. We assume that once activated by Ca2+c, CPK3 and CPK21 remain in the active state through autophosphorylation (Swatek et al. 2014), and implement this assumption by using the “or” operator.”
MPK9/12* = Ca2+c or MPK9/12	
“We assume that once activated, MPK9 and MPK12 remain active due to autophosphorylation (Nagy et al. 2015), and implement this assumption by using the “or” operator.”
Microtubule depolymerization* = TCTP or Microtubule depolymerization	
“Microtubule depolymerization continues forward once initiated by a process termed catastrophe (Gardner, Zanic, and Howard 2013); we assume that it is not reversed during the ABA signaling process and implement this assumption by using the “or” operator.”
Vacuolar acidification* = V-ATPase or V-PPase or Vacuolar acidification	
“We assume that the vacuolar acidification state is sustained for a longer period, and implement this assumption as a positive self-regulation. This assumption is necessary in order to allow the possibility of closure in response to internal closure signals, e.g. supply of S1P or Ca2+ (Schwartz 1985).”
These descriptions indicate that for three of the four nodes, there is a molecular mechanism that slows down the decay of the node’s activity. In other words, the information in the literature supports the assumption of short-term memory in our model (e.g. the maintenance of the activity of CPK3/21 for a certain duration after the cytosolic Ca2+ level is no longer high). Here we describe possible experimental methods to determine the duration of this memory. The resulting information could guide future research and result in an even more precise Boolean model. To test the duration of the memory of CPK3/21, one would need to measure phospho-CPK3 and phospho-CPK21 in a time sequence where Ca2+ is provided for a sufficient time to establish the phosphorylation of CPK3 and CPK21, then taken away. A similar experiment performed for MPK9 and MPK12 would test the maintenance of MPK9/12 activation. While such experiments have not been reported, and would be difficult to perform, phosphorylation as an auto-activation mechanism is well-known to be reversed by phosphatases. Thus, it is possible that the process of ABA-induced stomatal closure also includes the activation of a phosphatase that reverses the auto-phosphorylation of CPKs and MPKs. An experiment measuring the time period of microtubule repolymerization following catastrophe would evaluate the persistence of microtubule depolymerization. Here also, it is known that the memory is finite since microtubule depolymerization as a permanent effect would lead to loss of the cellular cytoskeleton. To test the memory of vacuolar acidification, the pH level of the vacuole would need to be measured in a time course where the activity of the vacuolar ATPase or the vacuolar PPase is induced and then stopped. This would also be a difficult experiment. In summary, there is ample conceptual support for both the existence, and the finite duration, of a memory effect in the link between cytosolic Ca2+   and these four nodes.



Text S2. Succession diagram for Model2.

Model2 assumes that Ca2+c directly inhibits ABI2 by an edge, as described in Maheshwari et al. (2019). We first consider the model with persistent activity of the nodes CPK3/21, MPK9/12, Vacuolar Acidification, and Microtubule Depolymerization. This model has the same stable motifs in the presence of ABA as Model1. In the absence of ABA, the stable motifs openM1 and openM2 and the two conditional oscillatory motifs are preserved. This model has two additional stable motifs, shown in Figure S1, that significantly overlap the openM1 and openM2 motifs. We refer to these motifs as openM3 and openM4. The closureM conditionally stable motif is slightly different in Model2 compared to Model1. Specifically, the edge from PA to ABI2 is missing in the closureM motif of Model2. The absence of this edge prevents PA from being an internal driver of the closureM motif. Nevertheless, the fixed ON state or sustained oscillations of Ca2+c are still external drivers of the closureM motif. 
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Figure S1. Motifs in Model2 in the absence of ABA that are different from the motifs of Model1. The network of Model2 has all the motifs of Model1, shown in Figure 3, and it also has two new motifs openM3 (panel A) and openM4 (panel B). The closureM motif (panel C) is slightly different in Model2 since it does not have the edge from PA to ABI2.

Model2 has an identical motif succession diagram in the presence of ABA as Model1 (Figure 4).  The motif succession diagram in the absence of ABA includes the succession diagram of Model1 (shown in Figure 3). It additionally includes branches that contain the openM3 and openM4 motifs and end in an attractor corresponding to open stomata.  Examples of succession diagram branches containing these motifs are shown in Figure S2.
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Figure S2. Succession diagram branches containing motifs openM3 and openM4. Both of these motifs induce a very similar behavior as the motif openM1 shown in Figure 3 – they correspond to open stomata attractors and their stabilization is a condition for the conditionally stable motifs Microtubule Depolymerization = 0, CPK3/21 = 0, Vacuolar Acidification = 0, and MPK9/12 = 0. The trajectories involving either these motifs have the possibility of establishing the K+ oscillation conditional oscillatory motif if Vacuolar Acidification = 1 has been established. Panels A and B show the succession diagram when the first motif to stabilize is Microtubule Depolymerization = 1, the second motif to stabilize is MPK9/12 = 1 and the third motif to stabilize is CPK3/21 = 1 for the trajectories that contain the stabilization of openM3 and openM4 respectively. The attractors resulting from these trajectories are the same as those described in Table S4.


The new motifs and the extended succession diagram of Model2 does not cause a difference between the two models in terms of biological results. As described in Maheshwari et al. (2019), the attractors of the two models are the same. The percentage of closure of Model1 in the absence of ABA is 30.28%, while the percentage of closure of Model2 is 21.3%. The smaller probability of reaching the closure attractor in the absence of ABA in Model2 is consistent with the higher number of stable motif successions leading to an open stomata attractor in Model2. It is also consistent with the slightly weaker inhibition of ABI2 in Model2 compared to Model1. This is because Ca2+c can never be in fixed ON state due to the Ca2+c – Ca2+ ATPase negative feedback; at best, it can oscillate. As a result, in Model2, the inhibition of ABI2 can also be oscillatory, i.e., ABI2 is OFF whenever Ca2+c is ON but it is free to be ON when Ca2+c oscillation is in the OFF state and its other regulator, ROS, has not yet stabilized.
Let us now consider the case of Model2 where the nodes CPK3/21, MPK9/12, Vacuolar Acidification, and Microtubule Depolymerization are regulated by the cumulative effect of the past states of their respective regulator nodes. The succession diagram of this model version with short-term memory in the absence of ABA is independent of memory. The absence of ABA leads to four stable motifs which are the same as openM1, openM2, openM3, and openM4, detailed in Figures 2 and S2. Since any pair of these four motifs overlap in nodes, they cannot be on the same trajectory. Hence, the succession diagram has four trajectories, where each corresponds to each of these motifs leading to an open stomata attractor. The attractor reached by any of these motifs is the same. This attractor is also the same as the one listed in the third part of Table S4. Figure S3 shows the complete succession diagram for this case. The succession diagram of Model2 with short-term memory in the presence of ABA is identical to the succession diagram of Model1 with short-term memory in the presence of ABA – see Figure 8B.
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Figure S3. Complete succession diagram for Model2 in the absence of ABA for the model version with short term memory. Assuming the absence of any signal, this model always leads to an open stomata attractor.  





Text S3. Complete Boolean update functions implementing short term memory rules of the network simulation shown in Figure 7.

Ca_1 = Ca_2 = Ca_3 = TCTP_1 = TCTP_2 = TCTP_3 = TCTP_4 = TCTP_5 = VATPase_1 = VATPase_2 = Ca = ABA = Closure = ROP11 = H2O_Efflux = Microtubule_Depolymerization = Ca_ATPase = RCARs = RBOH = pHc = NO = CaIM = K_efflux = CIS = Vacuolar_Acidification = OST1 = SPHK12 = PLDa = PA = NIA12 = NOGC1 = Actin = InsP3 = CPKa = MPK = False

Malate = H_ATPase = ABI1 = ABI2 = HAB1 = PP2CA = CPKb = True

1: TCTP_5* = TCTP_4
2: TCTP_4* = TCTP_3
3: TCTP_3* = TCTP_2
4: TCTP_2* = TCTP_1
5: TCTP_1* = TCTP
1: VATPase_2* = VATPase_1
2: VATPase_1* = VATPase
1: Ca_3* = Ca_2
2: Ca_2* = Ca_1
3: Ca_1* = Ca
6: RCARs* = ABA
6: PEPC* = not ABA
6: PI3P5K* = ABA
6: ABI1* = not PA and (not RCARs or ROP11) and not RBOH and pHc
6: ABI2* = (not RCARs or ROP11) and not RBOH and not PA
6: HAB1* = not RCARs and not RBOH
6: PP2CA* = not RCARs and not RBOH
6: OST1* = (not ABI1 and not HAB1) or (not PP2CA and not ABI2) or (not ABI1 and not ABI2) or (not HAB1 and not PP2CA) or (not HAB1 and not ABI2) or (not ABI1 and not PP2CA)
6: RBOH* = pHc and not ABI1 and OST1 and SPHK12 and PA
6: GHR1* = not ABI2 and RBOH
6: NO* = NIA12
6: NIA12* = RBOH
6: NOGC1* = NO
6: nitrocGMP* = NOGC1 and RBOH and NO
6: CIS* = InsP3 or nitrocGMP
6: CaIM* =  Actin or GHR1
6: Ca* = (CIS or CaIM) and not Ca_ATPase
6: Ca_ATPase* = Ca
6: CPKa* = Ca or Ca_1 or Ca_2 or Ca_3
6: MPK* = Ca or Ca_1 or Ca_2 or Ca_3
6: PLC* = Ca
6: DAG* = PLC
6: InsP3* = PLC
6: PLDa* = SPHK12 and Ca
6: PLDdel* = NO or RBOH
6: PA* = PLDdel or PLDa or DAG
6: SPHK12* = PA or ABA
6: VATPase* = Ca
6: TCTP* = Ca
6: Microtubule_Depolymerization* = TCTP or TCTP_1 or TCTP_2 or TCTP_3 or TCTP_4 or TCTP_5
6: pHc* = ((OST1 and not ABI2 and not ABI1) or Ca) and Vacuolar_Acidification
6: H_ATPase* = not pHc and not Ca and not RBOH
6: AtRAC1* = not ABA or ABI1
6: Actin* = not AtRAC1
6: SLAC1* = (CPKb or CPKa) and MPK and OST1 and GHR1 and not ABI1 and not PP2CA and not ABI2 and pHc
6: QUAC1* = OST1 and Ca
6: SLAH3* = CPKb and CPKa and not ABI1
6: AnionEM* = SLAC1 or QUAC1 and SLAH3
6: Malate* = PEPC and not ABA and not AnionEM
6: KEV* = Vacuolar_Acidification or Ca
6: Depolarization* = (AnionEM or Ca or KEV) and (not H_ATPase or not K_efflux)  
6: KOUT* = (not NO or not RBOH or pHc) and Depolarization
6: K_efflux* = KEV and KOUT 
6: H2O_Efflux* = AnionEM and OST1 and K_efflux and not Malate
6: Closure* = Microtubule_Depolymerization and H2O_Efflux
6: Vacuolar_Acidification* = PI3P5K or VATPase or VATPase_1 or VATPase_2





Text S4. Analysis of different short-term memory durations.

A. The probability of a node state being ON as a function of the time window of memory.
As described in section 3.2 of the main text, we consider four nodes in the network whose sustained activity was previously modeled by self-loops and replace them with short term memory of their regulator. This short-term memory aims to ensure that the target node can stabilize in the ON state if the regulator has sustained, high-frequency oscillations; when the oscillations cease, the target node stabilizes in the OFF state. This is important so that the network model recapitulates the reopening of the stomata after the signal is removed. These four nodes are CPK3/21, MPK9/12, Microtubule Depolymerization, and Vacuolar Acidification. As shown in Figure 6, two of these nodes, CPK3/21 and MPK9/12, are directly regulated by Ca2+c while the other two, Microtubule Depolymerization and Vacuolar Acidification, are two edges away from Ca2+c. Here we determine the probability of observing an ON state of a target node at distance one or two from Ca2+c as a function of the duration of the short-term memory.
We consider the regulation of Ca2+c after a sustained ON state of CIS or CaIM has been established (e.g. by ABA). In this situation Ca2+c and Ca2+ ATPase form a two-node negative feedback loop. We also consider a target node regulated (directly or through a mediator) by Ca2+c. We simulate this system using the rank order asynchronous update in BooleanNet (see Section 3.2 for more details). For simplicity we use the notation A for Ca2+c and B for Ca2+ ATPase. The set of rules for one timestep memory and regulator-target distance of one (d=1) is given below. A_1 represents At-1.
rank 1 (updated first): A_1* = A
rank 2: A* = not B
rank 2: B* = A
rank 2: C* = A or A_1

We determine the probability of the ON state of the target node as the duration of the short-term memory is increased (see Figure S4). 
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Figure S4. The probability of an oscillation-driven target node being ON as a function of its short-term memory duration, determined analytically and by simulation. Horizontal lines represent the ON probability of a node that is one edge away from the oscillating node (d = 1) while vertical lines represent the probabilities calculated analytically. Circles represent the ON probability of a node that is two edges away from the oscillating node (d = 2). 


We can analyze the state transition graph of a two-node negative feedback loop to understand the dependence of the probability of the ON state on the memory duration. The regulatory network of A and B is given in Figure S5A and the state transition diagram that results from considering the dynamical system of these two nodes is given in Figure S5B.
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Figure S5. Analysis of a toy network representing the oscillation of Ca2+c in the negative feedback loop formed by Ca2+c and Ca2+ ATPase. (A) Network diagram, where node A represents Ca2+c and B represents Ca2+ ATPase. Hence, the update rules are: A* = not B; B* = A. (B) State transition graph for the two-node toy network in the random order asynchronous update scheme (the update scheme used in our analysis of the ABA network). Each state is represented in the A,B order of nodes.

Consider the case when the memory duration is 1, so the update rule for the target node C is: C*= At or At-1 where t is the current time. Since this is random order asynchronous update, in 50% of the update orders, C will be updated before A and in the other 50% of the update orders, A will be updated before C. So, we can calculate the overall probability of the ON state of C as follows:
	P(C=ON) = 0.5*P(C=1 if C is updated before A) + 0.5*P(C=1 if A is updated before C)
				If C is updated before A, At = At-1, hence the state of C only depends on A t-1
		     = 0.5*P(At-1=1) + 0.5*(1-P(C=0 if A is updated before C))
				For C = At or At-1 to be 0, both At and At-1 should be 0
		     = 0.5*0.5 + 0.5*(1-P(At-1=At=0))
				From Bayes’ theorem, P(At=0 & At-1=0) = P(At-1=0)*P(At=0|At-1=0)
		     = 0.25 + 0.5*(1-(P(At-1=0)*P(At=0|At-1=0)))
				From the symmetry of the state transition diagram in Figure S5B, the A,B system can be in any of the 00, 01, 10, 11 states with equal likelihood at t-1. Of these four states At-1 = 0 in 2 states hence, P(At-1=0) = 0.5. When we are given that At-1 = 0, the system is either in 00 or 01 with equal likelihood. From the 00 state the system can go to 11 or 10; from the 01 state the system can go to 10 or 00. This gives us four possible, equally likely trajectories, i.e., 00→11; 00→10; 01→10; 01→00. (The state of node A is marked in bold). Of these four trajectories, only the 01→00 trajectory corresponds to At=0. Hence, P(At=0|At-1=0)=0.25.
		     = 0.25 + 0.5*(1-(0.5*0.25))
		     = 0.6875


Similarly, we can work out the case when the memory duration is 2 and hence the update rule for the target node C is: C* = At or At-1 or At-2. We again consider two equally likely scenarios, one where C is updated before A and the other where A is updated before C. In this case as well, we can calculate the overall probability of the ON state of C as follows:
	P(C=ON) = 0.5* P(C=1 if C is updated before A) + 0.5*P(C=1 if A is updated before C)
				The probability that C is ON can be calculated by subtracting the probability that C is OFF from 1.
		     = 0.5* (1-P(C=0 if C is updated before A)) + 0.5*(1-P(C=0 if A is updated before C))
				If C is updated before A, the state At = At-1 hence for C=0, we only need that At-2=At-1=0. But if A is updated before C, we need that each of At-2, At-1, and At are 0 for C=0.
		     = 0.5*(1-P(At-2=At-1=0)) + 0.5*(1-P(At-2=At-1=At=0))
				From the previous calculation, the probability that the state of A is 0 for two consecutive timesteps can be calculated using Bayes’ theorem and it results in 0.5*0.25 = 0.125. The state of A cannot stay 0 for three consecutive timesteps. The state of A is 0 for two consecutive timesteps only for the trajectory 01→00. When the system is in 00 state, it can only go to 11 or 10. Hence, At-2=At-1=At=0 is impossible.
		     = 0.5*(1-0.125) + 0.5*(1-0)
		     = 0.9375

Extending the same logic, we can calculate the probability of C turning ON when considering a memory duration of 3. In this case, the update rule is: C* = At or At-1 or At-2 or At-3. There are again two equally likely scenarios, one where C is updated before A and other where A is updated before C. Hence, the probability calculations are as follows:
	P(C=ON) = 0.5* P(C=1 if C is updated before A) + 0.5*P(C=1 if A is updated before C)
				The probability that C is ON can be calculated by subtracting the probability that C is OFF from 1.
		     = 0.5* (1-P(C=0 if C is updated before A)) + 0.5*(1-P(C=0 if A is updated before C))
				If C is updated before A, the state At = At-1 hence for C=0, we only need that At-3=At-2=At-1=0. But if A is updated before C, we need that each of At-3, At-2, At-1, and At are 0 for C=0.
		     = 0.5*(1-P(At-3=At-2=At-1=0)) + 0.5*(1-P(At-3=At-2=At-1=At=0))
				In the previous calculation, we saw that it is impossible for A to be 0 for three consecutive timesteps. Hence, it is also impossible for A to be 0 for four consecutive timesteps.
		     = 0.5*(1-0) + 0.5*(1-0)
		     = 1.0

Hence, the probability of the ON state of the target node is 1 when the memory duration is 3 or more. As we can see in Figure S4, the calculated probabilities and the probabilities obtained from simulation are very close for memory of one time step and coincide with each other for larger memory duration. Following the same method described above, one can calculate the probability of the ON state for Vacuolar Acidification and Microtubule Depolymerization, i.e., nodes at distance 2 using the state transition diagram for three nodes given in Figure S3 of Maheshwari et al. (2019). As the corresponding state transition diagram has multiple cycles, the calculation is complex, and we skip reproducing it here. Figure S4 indicates that a target node regulated by the Ca2+c – Ca2+ ATPase negative feedback loop is in a sustained ON state with a probability of 100% if it considers the last three timesteps, and a target node two steps away from the feedback loop is ON with probability >95% if it considers the last five timesteps.


B. Choosing the optimal memory duration of each of the nodes.
The choice of the memory duration for each node in consideration determines the final percentage of closure the network can reach in the sustained presence of a signal and the rate of reopening after the signal is removed. Here we determine the constraints on the memory duration of each of the four nodes and summarize the results in Table S8. Of the four nodes in consideration, CPK3/21 and MPK9/12 affect closure by affecting anion channels; anion flow is a necessary contributor to water efflux, which is necessary for closure. Microtubule Depolymerization is another necessary contributor to closure. From Figure S4 we can see that for nodes that are one edge away from Ca2+c, i.e., CPK3/21 and MPK9/12, memory duration of 3 is enough to ensure persistence of these nodes and a close to 100% final percentage of closure. Microtubule Depolymerization has a stronger effect on the final percentage of closure, so a memory duration of 5 or more timesteps is necessary to ensure >97% persistence of Microtubule Depolymerization and ~100% final percentage of closure. There are no constraints on CPK3/21, MPK9/12 and Microtubule Depolymerization regarding reopening. 
Vacuolar Acidification is necessary for pHc and ROS, so its ON state is an important prerequisite for the establishment and subsequent stabilization of the closureM motif. In the presence of ABA, Vacuolar Acidification is sustained in the ON state since ABA is a sufficient and necessary regulator of V-PPase, which is a sufficient regulator of Vacuolar Acidification. Hence the memory duration for Vacuolar Acidification does not affect the closure induced by ABA. During closure induced by external Ca2+, oscillations of Ca2+c regulate Vacuolar Acidification, thus a sufficiently large memory duration is crucial in ensuring that Vacuolar Acidification is sustained in the ON state, enabling the establishment of the closureM motif. During reopening following the removal of a closure-inducing signal, Vacuolar Acidification must be OFF (in order to destabilize the closureM motif). Thus, a smaller memory duration yields faster reopening.  

Table S8. Summary of the constraints on the memory duration for each of the four nodes in order for the model to reproduce stomatal closure in response to ABA or external Ca2+ as well as stomatal reopening following the removal of the signal. We consider four scenarios: stomatal closure induced by the sustained presence of ABA (second column), reopening of the stomata following removal of ABA (third column), stomatal closure induced by external Ca2+ (fourth column), and the reopening of the stomata following removal of external Ca2+ (fifth column). Memory durations that satisfy the constraints of all four scenarios (for example, a memory of three or more time steps for CPK3/21) simultaneously ensure efficient closure and reopening. This sensitivity analysis of the memory durations of nodes leads to the conclusion that the best case has memory sizes of 3, 3, 5, for CPK3/21, MPK9/12, and Microtubule Depolymerization, respectively. For Vacuolar Acidification, memory size of 2 or 3 could be equally good.
	Node
	ABA induced closure
	Reopening after ABA removal
	External Ca2+ induced closure
	Reopening after external Ca2+ removal

	CPK3/21
	≥ 3
	no constraint
	≥ 3
	no constraint

	MPK9/12
	≥ 3
	no constraint
	≥ 3
	no constraint

	Microtubule Depolymerization
	≥ 5
	no constraint
	≥ 5
	no constraint

	Vacuolar Acidification
	no constraint
	≤ 3
	≥ 2
	≤ 3




In summary, the choice of memory duration for Vacuolar Acidification involves a tradeoff. A larger memory duration would mean larger final percentage of closure in the presence of a closure signal other than ABA, while smaller memory duration would mean faster reopening when the signal is removed; both effects are desirable. Hence, we tried two values of memory duration for Vacuolar Acidification: 2 and 3. After simulating external calcium-induced closure (using CaIM=1) for both these values, we find that memory duration of 2 gives ~70% closure and memory duration of 3 gives ~85% closure. A simulation of ABA-induced closure gives ~100% stomatal closure for memory duration of 2 as well as memory duration of 3. However, the reopening is much slower with either signal (ABA or external Ca2+) when the memory duration is 3, hence, we pick the case with Vacuolar Acidification memory duration of 2 as the most appropriate option. Figures 7 and S6 show the effect of signal addition and removal on this network where the signal is ABA or external Ca2+ respectively.
[image: ]
Figure S6. Simulation of the model with short term memory when external Calcium is present for the first 30 timesteps and absent for the following 70 timesteps. The presence or absence of external Calcium is simulated by the ON or OFF state of CaIM respectively. The memory duration is 3 for CPK3/21 and MPK9/12, 5 for Microtubule Depolymerization and 2 for Vacuolar Acidification. The ON state of CaIM leads to ~70% stomatal closure; after CaIM is set to OFF state, the percentage of closure reduces to ~30% within 30 timesteps. 

In the case we determine as optimal, presented in Figures 7 and S6, the peak percentage of closure is different for different signals. The fixed ON state of ABA leads to ~100% closure while the fixed ON state of CaIM leads to ~70% closure in 30 timesteps, which is the same as the maximum it can reach with the sustained presence of CaIM. As shown in Figure S7, if the memory of Vacuolar Acidification is two time steps, it can achieve ~85% closure, and lead to the activation of the closureM motif in approximately 70% of simulations.






[image: ]
Figure S7. Effect of the memory duration on the percentage of the ON state of the Vacuolar Acidification node and the stabilization of the closureM motif. A. The time-course of the percentage of ON state of the Vacuolar Acidification node for different memory durations from 1 to 4 time-steps. B. The time-course of the percent of ON state (= stabilization) of the closureM stable motif for different memory durations from1 to 4. When there is no memory, Vacuolar Acidification oscillates as Ca2+c does and hence its average activity stays at 50%. With memory duration=1, Vacuolar Acidification percentage is greater than 50% and it increases progressively with increased memory duration. The ON state of Vacuolar Acidification is necessary for the closureM motif and hence at any memory duration, the percent stabilization of closureM is always less than the percent of the ON state of Vacuolar Acidification.



Text S5. Bifurcation analysis of the guard cell model.
Bifurcation diagrams of continuous systems plot the steady state values of a response variable for the whole range of a continuous parameter. This is not exactly replicable in Boolean models, which by default do not have numerical parameters, and whose variables have just two values. Nevertheless, the previous and current analysis of the guard cell model does include the identification of the attractor(s) in the presence or absence of ABA and for the knockout or constitutive activation of each node in turn. The results of this analysis indicate that the unperturbed system in the presence of ABA has a single attractor, which corresponds to stomatal closure. Knockout of a node in the presence of ABA may preserve the attractor, it may lead to an attractor in which Closure oscillates, or it may lead to an attractor that corresponds to open stomata. The nodes in each category are indicated in Table 3 in Albert et al. (2017). 
In the absence of ABA, the unperturbed system is multi-stable, admitting 16 very similar attractors that correspond to open stomata and an attractor that corresponds to stomatal closure. Constitutive activation of a node may preserve the multi-stability of the system or it may lead to the closure attractor to become the sole attainable attractor; see Table 2 in Maheshwari et al. (2019). Under a sequence of ABA=off, then ABA=on, then ABA=off again, the original model behaves as an irreversible switch: the closure attractor is not reversible by turning ABA off (see red trajectory in Figure S8). The model with short-term memory makes the switch reversible (see blue trajectory in Figure S8). The (conditionally) stable motifs provide the explanation of these findings. In the model that assumes the persistent activity of CPK3/21, MPK9/12, Microtubule depolymerization and Vacuolar acidification, each of these four nodes forms a stable motif regardless of the status of ABA, thus they stay ON following the removal of ABA, which in turn maintains the activation of the closureM motif and thus maintains closure (see Section 3.2). In the model with short-term memory these four nodes do not form stable motifs. The loss of ABA yields the successive decay of Ca2+c oscillations and of the closureM motif, followed by the establishment of the openM1 motif and convergence to the open stomata attractor (see Section 3.3.2). 

[image: ]Figure S8. The Boolean bifurcation diagram of the model for the two assumptions regarding the memory for CPK3/21, MPK9/12, Microtubule depolymerization and Vacuolar acidification. The red lines represent the network model in Albert et al. (2017); Maheshwari et al. (2019), which assumes persistent activity, i.e., infinite memory for these nodes. In this model, the presence of ABA leads to the attractor corresponding to stomatal closure. After the removal of ABA, a few nodes change state but the stable motifs of the system remain locked in and the corresponding attractor still has the node Closure in the ON (1) state. The blue lines represent the updated network model with short-term memory. The presence of ABA leads to stomatal closure (in a slightly different trajectory) and the removal of ABA leads to reopening of the stomata.
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